shown promise for application in microwave imaging, electric field mapping, and materials characterization. It is difficult to reliably detect the modulated scattered signal, due to the small size of the MST elements. Increasing the modulation depth (a parameter related to how well a scatterer modulates an incident signal) may improve the detection of the modulated scattered signal. In an effort to improve the modulation depth of MST scattering elements, the concept of electrically invisible antennas is applied to MST. This paper presents simulations and measurements of a traditional MST scatterer (a centrally-loaded resonant dipole) that has been designed to be electrically invisible. Building on this, an invisible dual-loaded scatterer is designed, with simulations showing significant improvement to the modulated depth as compared to a traditional modulated dipole.
INTRODUCTION
Modulated Scatterer Technique (MST) has shown potential for microwave imaging, electric field mapping, and materials characterization applications [1] - [4] . As the scattering element is usually quite small (commonly, a resonant dipole antenna), the scattered signal (modulated by the element) is also quite small. Increasing the modulation capability of the scatterer to modulate the scattered signal would make this technique more robust. Such an approach has been applied in the RFID regime to improve and optimize the performance (operating range, data rate, etc.) of RFID tags [5] - [6] . This paper presents the concept of electrically invisible antennas as applied to the Modulated Scatterer Technique [7] - [10] . By choosing an appropriate load for the MST scatterer, the scatterer can be made electrically invisible (i.e., a minimum scattering antenna). This paper presents the concept of invisible antennas as applied to MST. Simulations and measurements of a traditional MST scatterer (a centrally-loaded resonant dipole) that has been designed to be electrically invisible are provided. Further, an invisible dual-loaded scatterer, capable of modulation between an electrically visible and invisible state, is designed, and its performance (i.e., modulation depth) is compared to a traditional MST probe (a resonant dipole centrally loaded with a PIN diode).
II. BACKGROUND
Modulated Scatterer Technique is based on irradiating a small antenna with an electromagnetic wave. Typically, a dipole antenna, centrally loaded with a PIN diode, is used for MST applications. This incident wave induces a current on the loaded dipole antenna (related to the probe geometry and load impedance), which subsequently causes a wave to be scattered (or re-radiated) by the loaded dipole. Loading the dipole antenna with a PIN diode enables the dipole impedance to be (electronically) changed by modulating the PIN diode bias from a forward to reverse state in a controlled manner. In this way, the field scattered by the dipole will also be modulated and can be uniquely distinguished from all other scattered waves [1] . With regard to an array of MST elements, modulation allows an array element to "tag" its own signal, providing a means for spatial identification of the location from which the signal is received. In general, signal detection is also improved with modulation since modulated signals are distinct from non-coherent clutter present in the environment and receiver noise.
Modulation depth, defined as the amplitude ratio of the modulated signal component to the carrier (in dB), is useful to consider with respect to modulated scatterers, since it quantifies how well a scatterer can modulate the incident electric field. Since the level of the modulated signal (scattered from a dipole) is typically very small, the residual carrier (i.e. the incident signal), present in the detected signal can be quite problematic [1] . Furthermore, the mutual coupling among array elements can significantly limit the system dynamic range [11] . Improving the modulation depth may help mitigate these detection issues, since larger modulation depth improves the sensitivity of the detection system. Consequently, weak scattering objects (such as MST elements) may be more effectively detected.
Recently, a new modulated scatterer element design was proposed (primarily for materials characterization purposes), consisting of a dual-loaded dipole antenna, referred to as a dual-loaded scatterer, or DLS [12] - [13] . The DLS differs from the conventional MST element since it is loaded with two PIN diodes instead of one. The dual-loading results in four possible (modulation) states of the scatterer (as opposed to two for the conventional element). For materials characterization purposes, the scattered signal from all four states can be used, together in the form of a differential ratio calculation, to remove unwanted signals (common to all states, including the carrier signal) from the total detected signal. This is quite useful for MST materials characterization, where the scattered signal must be available and separate from other signals (including the carrier). This paper proposes a new application of the DLS. By choosing the loading characteristics of the DLS (i.e., load location and lumped element value) in a specific way, the DLS can be designed to be electrically invisible, herein known as the IDLS. The IDLS is designed to have one fixed load, and one load capable of modulation. In this way, the IDLS will have two states (similar to the conventional single-loaded MST probe), but one state will cause the IDLS to be electrically invisible. In other words, the IDLS will have the capability to be modulated between an electrically visible and invisible state. Previous work has shown that electrically invisible antennas have application in reduction of radar cross section [14] , frequency-selective surfaces [15] , reconfigurable antennas [8] , [16] , as well as reduction in mutual coupling between array elements [7] . Considering these applications with respect to MST, it is proposed that by designing a dual-loaded MST element that can operate in electrically visible (i.e., scattering) and invisible (i.e. minimum/zero scattering) states, the difference between the scattered fields from the two states of the scatterer may be enhanced (effectively improving the ability of the scatterer to modulate the incident signal). In this way, the modulation depth may be improved. As such, incorporating the IDLS into MST may improve the robustness of such systems.
In order to fully understand the application of electrically invisible antennas to MST, initially a centrally-loaded dipole antenna, herein referred to as a single-loaded scatterer (SLS) was studied. Method-of-Moments (MoM) simulations were developed to calculate the current induced on an SLS from a normally incident planewave [17] , [18] . These simulations were used to determine an optimal (inductive) load to minimize the total current induced along the length of the scatterer and hence minimize the scattered field [7] .
III. SIMULATIONS

A. Single-Loaded Scatterer
Initially, an SLS was designed to be invisible at 10 GHz, as per [7] . Using the developed MoM simulation, the current induced on a centrally-loaded dipole of length 1.5 cm (diameter assumed to be 0.01λ) and subsequent scattered electric field were calculated [18] as a function of load impedance. As shown below in Fig. 1 , when a reactive (inductive) load of ~323 Ω (corresponding to an inductance of 5 nH) is placed at the center of the dipole, the magnitude of the scattered field is significantly reduced, indicating that the scattered field approaches zero (i.e., the SLS is electrically invisible). It is interesting to note that the invisible SLS (ISLS) may have applications to material characterization. Considering the results above in Fig. 1 , if any physical or operating parameters were to change (frequency, load impedance or location, dipole length, surrounding material, etc.), the condition for electrical invisibility would also change. As such, such a scatterer may be designed to purposely gain (or lose) invisibility as a result of such changes. For example, a similar ISLS was designed to be invisible at 3.5 GHz in mortar (relative complex dielectric properties, ε r , assumed to be approximately 4 -j0.1). The diameter of the ISLS was assumed to be 0.4 mm (corresponding to 26 AWG wire) and the inductive load was assumed to be 4.4 nH.
Simulations were conducted to vary the relative permittivity (i.e., real part of ε r ) that may result from changes in the material (i.e., cracks or the ingress of chloride, moisture, etc.), the results of which are shown below in Fig. 2 . As can be seen in Fig. 2 , if the material surrounding the ISLS changes, the response of the ISLS changes as well. Therefore, a probe can be designed to become visible if the permittivity in the vicinity of the probe decreases (for example, due to cracking), or increases (possibly due to the presence of moisture).
While the ISLS may have application in materials characterization, it would be advantageous to maintain the ability to modulate the MST probe when designing for electrical invisibility. To this end, the dual-loaded scatterer geometry (mentioned above) is considered next. 
B. Dual Loaded Scatterer
A similar modeling approach was used to simulate the scattering properties of an IDLS [18] . Unlike an ISLS (which cannot be modulated if designed to be electrically invisible), an IDLS will maintain the capability for modulation as long as one of the loads can be modulated. As such, an IDLS was designed with a PIN diode for one load (to allow for modulation between a visible and invisible state), and an inductor as the second load, as shown below in Fig. 3 . Simulations were conducted to study the effect of the inductor on the scattering properties. Specifically, the reactive impedance of the second load was varied in order to determine an optimal impedance for electrical invisibility. A frequency of 3.5 GHz was assumed, resulting in an IDLS of length, L, 42.8 mm (e.g., λ/2). The two loads were placed (equidistantly) a distance of d z = 21.8 mm (λ/8) from the center (see Fig. 3 ). The PIN diode was modeled as a resistance in series with an inductance (1.5 Ω and 0.6 nH respectively) during forward bias and an inductance in series with a capacitance (0.6 nH and 0.2 pF respectively) during reverse bias [19] - [20] . The magnitude of the scattered field for both states of the PIN diode is shown below in Fig. 4 . As can be seen from Fig. 4 , if the reverse biased state of the diode is chosen as the invisible state of the IDLS, an inductive impedance of ~450 Ω for the other load results in minimal scattering (e.g., electrical invisibility). Further, and more importantly, this configuration results in a modulation depth (difference between visible and invisible states) of nearly 23 dB. For a (traditional) SLS centrally loaded with the same PIN diode, the modulation depth was simulated to be 9 dB. Thus, the IDLS introduces a substantial improvement in modulation depth of nearly 14 dB, which is quite significant as it relates to the detection of scattered signals for MST. 
IV. MEASUREMENTS
In order to further support the application of electrically invisible antennas to MST, measurements were conducted using an ISLS loaded with an 18 nH surface mount inductor (package size of 0201). In order to achieve electrical invisibility with this (commercially available) load, simulations indicated for an SLS of length 42.8 mm (resonant near 3.5 GHz) and diameter of 0.4 mm (26 AWG wire), this load must be placed slightly offset (~6 mm) from the center. For mechanical stability, the ISLS was constructed on a small piece of cardboard. A photograph of a section of the ISLS is shown below in Fig. 5 . The inductive load is visible, offset to the right. Swept-frequency measurements were made at S-band (2.6 -3.95 GHz). As mentioned above, frequencies in this range were selected based on component availability. Specifically, appropriate inductors with a self-resonance frequency (SRF) above S-band frequencies are commercially available. The SRF for the 18 nH inductor used for the ISLS is 5.8 GHz. The ISLS was placed on a structure of very low permittivity foam (i.e., resembling free-space), approximately 15 cm from the aperture of an S-band horn antenna. The horn antenna was connected to a calibrated port of an HP8510C Vector Network Analyzer (VNA). Swept frequency measurements (at S-band) of the complex reflection coefficient (S 11 ) were made, along with an ambient reflection coefficient measurement (i.e., measurement setup without an ISLS probe present). In this way, the scattered field from the ISLS can be determined by coherently subtracting the ambient measurement from the measurement with the ISLS present.
Simulations were also conducted for comparison with measurements. In order to improve the accuracy of the simulations, a more accurate circuit model for the inductor that includes the resistive and capacitive (corresponding to the specified SRF) parasitic effects was used [22] , as is shown in Fig. 6 . For the 18 nH inductor, the parasitic capacitance, C parasitic , is approximately 3.4 fF, and the parasitic resistance, R parasitic , is 1.
The measured and simulated results (normalized magnitude of the scattered field) are shown below in Fig. 7 . Normalized results are presented since the simulation assumes that a 1 V/m uniform planewave impinges upon the ISLS, which may be different than the actual excitation signal. As can be seen in Fig. 7 , there is good agreement between the simulated and measured results. A scattering minimum is evident at a frequency of ~3.3 GHz. The minor variation between the measured and simulated results may be attributed to additional parasitic effects resulting from probe construction or other environmental effects that were not removed from the measurement through coherent subtraction of the ambient response. 
V. CONCLUDING REMARKS
The Modulated Scatterer Technique has shown great promise for a variety of applications. Due to the small size of typical MST elements, it is challenging to reliably detect the scattered modulated signal. This paper proposes a new MST element design, consisting of a dual-loaded dipole antenna, loaded in such a way as to be electrically invisible at one state of modulation. This new probe design, referred to as the invisible dual-loaded scatterer, or IDLS, has shown an improvement in modulation depth of nearly 14 dB as compared to the traditional centrally-loaded single-loaded scatterer (SLS) probe.
Simulation results for an invisible SLS (ISLS) were also provided, and a possible application of the ISLS for materials characterization was discussed. Further, ISLS measurements were provided that showed good agreement with simulated results. Future work will include further studies on the effect of parasitics on the invisible state of the IDLS. Further, IDLS probes will be constructed to allow a full comparison between simulations and measurements. 
